We discover that asymptotically safe quantum gravity could predict the top-quark mass. For a broad range of microscopic gravitational couplings, quantum gravity could provide an ultraviolet completion for the Standard Model by triggering asymptotic freedom in the gauge couplings and bottom Yukawa and asymptotic safety in the top-Yukawa and Higgs-quartic coupling. We find that in a part of this range, a difference of the top and bottom mass of approximately 170 GeV is generated and the Higgs mass is determined in terms of the top mass. Assuming no new physics below the Planck scale, we construct explicit Renormalization Group trajectories for Standard Model and gravitational couplings which link the transplanckian regime to the electroweak scale and yield a top pole mass of M t,pole ≈ 171 GeV.
Open problems of the Standard Model. The Standard Model (SM) is a highly successful effective quantum field theory, viable up to the Planck scale [1, 2] . Beyond, it is expected to break down, due to the triviality problem signaled by Landau poles in the Abelian hypercharge [3] and the Higgs-Yukawa sector [4] . Moreover, it contains 19 free parameters. In particular, the various Yukawa couplings have to be set such that they generate the significant difference between the top-quark mass and the other fermion masses. Asymptotically safe quantum fluctuations of gravity [5, 6] might tame the ultraviolet (UV) divergences in the Abelian gauge sector [7, 8] . We discover that a quantumgravity induced UV completion of the Higgs-Yukawa sector could at the same time eliminate two of the free parameters of the SM. The resulting model would contain quantum gravity and all SM fields, be UV complete and have a higher predictive power than the SM, cf. Fig. 1 : In a specific range of microscopic gravitational couplings, the asymptotic safety scenario might predict the top mass in terms of the bottom mass, and generate a difference of ∼ 170 GeV between them. Asymptotic safety generalizes asymptotic freedom: The latter posits that a model evolves along a Renormalization Group (RG) trajectory which emanates from the free fixed point in the deep UV, whereas the former is based on a fixed point at finite values of the couplings. Both settings have in common that their free parameters are the relevant couplings which parameterize the deviation of the model from the fixed point. For instance, QCD with massless quarks only has one free parameter, namely the value of the gauge coupling at some energy scale. All other, so called irrelevant couplings arise as predictions of the model. They are forced to stay close to their fixed-point values in the UV scaling regime and are determined by the relevant couplings at all scales. Conversely, any deviation of an irrelevant coupling from this special value in the infrared (IR) results in a running that in simple approximations typically leads into a singularity, triggering a breakdown of the model. As an important example, the sizable value of the top Yukawa 
1. Running SM and gravity couplings in a UV-complete model, and a zoom into the regime close to the Planck scale, where the system smoothly transitions from pure SM running to the asymptotically safe running including gravitational fluctuations.
at the Planck scale within the SM cannot be reconciled with a free fixed point, as the coupling is marginally irrelevant and hence repelled by the free fixed point when running further into the UV. Our main result hinges on the fact that an asymptotically safe fixed point forces irrelevant couplings to stay at their non-zero values in the UV scaling regime beyond the Planck scale. [9] , see also [10] [11] [12] and [13] for a study of the Higgs-Yukawa sector. There is strong evidence supporting the conjecture that the gravitational couplings G N and Λ approach an asymptotically safe fixed point (G * N , Λ * ) at transplanckian momentum scales [6, 14] , see [15] for lattice studies. The one-loop SM beta functions for the top-Yukawa and quartic Higgs coupling including quantum fluctuations of gravity take the form 
where the quantum-gravity contributions in the above parameterization of metric fluctuations [16] [17] [18] contain threshold effects
These are obtained in the Landau-gauge limit as in [17] with an optimized cutoff function [19] . For the bottomYukawa, the corresponding beta function follows from Eq. (1) under the exchange y t → y b and 17 10 g 1 → 1 2 g 1 . There are indications that asymptotically safe quantum gravity triggers asymptotic freedom in all gauge couplings, including the Abelian hypercharge coupling [7, 8, 20, 21] . Their one-loop beta functions with a gaugegroup independent quantum-gravity contribution in the above approximation and with the same choice of RG scheme and gauge parameters read
,
According to these results, in the transplanckian regime, the logarithmic running of the gauge couplings is substituted by a power-law running towards asymptotic freedom, cf. Fig. 1 , with a small exponent determined by the gravity couplings. The one-loop coefficients in Eq. (5) contain the effect of all SM matter fields. We find two distinct parts of the truncated gravitational parameter space: If the microscopic value of the cosmological constant -which is not restricted by observations -falls into the region Λ * ≳ −3.3, then the top and bottom Yukawa only feature a free fixed point at which they are irrelevant. Thus, they remain stuck at zero in the transplanckian regime down to M Planck , implying a vanishing top and bottom mass at the electroweak scale. Hence, we tentatively conclude that compatibility of asymptotically safe quantum gravity with the SM appears to require the microscopic value of the cosmological constant to fall into the other region [16, 17] . In enlarged truncations this regime might also be reached due to higher-order gravitational couplings [17, 22] . Within our approximation, the observationally viable regime lies at f y (Λ) < 0, where y t and y b become relevant at the free fixed point. Thus, non-zero IR values for those couplings become compatible with the latter. Simultaneously, gravity induces an interacting fixed point at:
realizing the scenario in [17] . A finite fixed-point value for λ 4 follows by inserting y * t from Eq. (6) into the beta function in Eq. (2). This equation has two solutions. We focus on the fixed point which features a higher predictive power due to the irrelevance of the quartic Higgs coupling, as proposed in [1, 29] . In our simple truncation, it lies at λ * 4 > 0, which guarantees stability of the potential. The positive value of λ 4 at and beyond the Planck scale leads to an overestimation of the Higgs mass in the IR, as the experimentally determined value of the Higgs mass appears to lie slightly below the stability bound, see [1, 2, 23] and references therein. We hypothesize that effects beyond our truncation might shift that fixed point to lower values of λ 4 while simultaneously guaranteeing global stability of the potential through the presence of higher-order interactions. In our approximation all other Yukawas feature a free fixed point under the impact of quantum gravity, and can thus be chosen to match the experimentally determined small values. As an adequate quantitative approximation, we set all but y b , y t to zero at all scales. Studies of asymptotically safe gravity-matter systems have not yet reached a stage of quantitative convergence regarding the fixed-point values for the gravitational couplings [24] [25] [26] [27] [28] . To reach the observationally viable regime in our parameterization Λ * ≲ −3.3 has to hold. It is a critical question for the future, whether extended approximations that treat quantum fluctuations around the physical background will converge into this regime. As highlighted in [17] , truncations in pure gravity tend to yield fixed points with Λ * ≥ 0. In the observationally favored regime, off-shell fluctuations of the transversetraceless mode no longer dominate the RG flow, as they typically do in pure-gravity truncations. It is intriguing that a calculation of the microscopic values of the gravitational couplings under the impact of minimally coupled SM fields falls right into the preferred region [24] . For our quantitative analysis, we will employ the gravitational beta functions from [25] including the matter contributions from [24] , which provides beta functions in the Landau-gauge limit, reading
with N S scalars, N V gauge fields and N W Weyl fermions (N S = 4, N V = 12, N W = 45 for the SM), and
These provide asymptotically safe fixed-point values at
Upper bound on the top mass from asymptotic safety. Asymptotically safe quantum gravity with microscopic values according to Eq. (9) enforces upper bounds on the top-and bottom-quark mass: These arise due to the basin of attraction of the free fixed point at y * t = 0 = y * b . The basin is limited by interacting fixed points, cf. Eq. (6). The resulting bounds on the masses are more intuitive when considering the RG flow starting in the IR: For quark masses below the upper bound, the flow is attracted into the free fixed point, cf. Fig. 2 . Exactly at the upper bound, the couplings reach the interacting fixed point. In all cases, the fixed point for λ 4 -which remains irrelevant -can only be reached from one particular value of the Higgs mass, which is fixed in terms of the top mass. For the bottom Yukawa, a further fixed point beyond that displayed in Eq. (6), at which y * b > 0 enforces a similar upper bound. For masses beyond the upper bound, the Planck-scale values of the Yukawas are too large to approach any of the fixed points, cf. Fig. 2 , and the model breaks down at high scales, requiring new physics. The free and interacting fixed points for the top Yukawa underlie two different possible UV completions for the SM plus gravity, with the latter having a higher predictive power. For the remainder of this letter, we will focus on the asymptotically safe fixed point in Eq. (6), which results in a uniquely determined value for the top mass, as the top Yukawa is no longer a free parameter of the model.
Top-bottom mass difference. At the fixed point in Eq. (6) the relevant direction is not exactly aligned with the bottom Yukawa coupling. Instead the combinatioñ
is relevant. Thus, any value of the bottom mass below the upper bound can be reached along a UV complete RG trajectory. We choose it such that it matches the observed value of M b = 4.18 GeV. According to Eq. (10), changing the bottom mass results in a slight change of the top mass. Given the gravitational fixed-point values in Eq. 9, realistic values for the bottom mass enforce a significant mass difference to the top quark. It is automatically of a similar size to that of the SM. Specifically,
Alternatively, a mass difference could be generated from the finite fixed-point value for the Abelian gauge coupling that arises in Eq. (5), as found in [7, 36] , yielding an additional interacting fixed point with distinct values for the top and bottom Yukawa [38] . We stress that the electroweak scale is an input of our calculation: The Higgs mass-parameter remains relevant, and thus the vacuum expectation value of v = 246 GeV can be reached by choosing an appropriate trajectory. For the fermions, a separation of their mass scale from the Planck scale is possible as fermion masses are protected by chiral symmetry and remain so under the impact of asymptotically safe quantum gravity [25, 37] . Hence, their masses are generated by electroweak symmetry breaking, and the precise values are determined by the Yukawa couplings.
Running top mass as a function of the microscopic values of the gravity couplings. The green dot is the result from Eq. (9) and the gray dashed curves indicate an estimate for a systematic error within the approximation.
Renormalization Group flow of the Standard Model and quantum gravity. Starting from the asymptotically safe regime in Eq. (6) which, given values in Eq. (9) lies at
we obtain M t = 161 GeV for the running top mass along the predictive trajectory, cf. Fig. 1 . Adding the correction between the running mass and the pole mass [2, 35] , we obtain an estimate of the top pole mass of M t, pole = 171, falling in the vicinity of the experimentally determined value [30] . Above the Planck scale, the Yukawa and quartic Higgs already exhibit a slow running away from their fixedpoint values. This is a consequence of the presence of the gauge couplings which pull the quartic Higgs and the Yukawa along as soon as they deviate from their free values in the deep UV. The bump in the vicinity of the Planck scale is a consequence of a rapid transition from the semi-classical gravity regime to the fixed-point regime, cf. Fig. 1 . Below the Planck scale, an IR attractive fixed point in the ratio of top Yukawa and gauge coupling and the ratio of the Higgs quartic coupling and top Yukawa [31] [32] [33] act as an attractor of the flow, yielding a Higgs mass of M h = 132 GeV in our simple truncation. Higher-order interactions might reconcile global stability of the potential with a Higgs mass agreeing with the experimental result [34] .
The predicted values of the masses depend on the microscopic values of the gravity couplings, which are only known in approximations. Further studies are required to determine whether those values will converge in the regime where a top mass prediction is possible. For the following, we assume that this will be the case.
Varying the gravitational couplings away from the values in Eq. (11), cf. Fig. 3 , we obtain a range of masses. We consider only values for which the scalar potential in our truncation is stable and for which M h < M t , yielding the light blue region in Fig. 3 . We estimate a systematic error within our approximation under the assumption that extended truncations will converge in a similar regime. Including variations of G * N , Λ * induced by changes of the regulator underlying the functional RG implementation according to Tab. I in [24] leads to changes of up to 60% in the fixed-point values. In Fig. 3 we include an ellipse with 60% overall spread, resulting in a rather significant variation for M t . The difference between the running and the pole mass, that receives QCD corrections [2, 35] is not included in the values shown in Fig. 3 . As a more conservative error estimate, the larger ellipse with a radial deviation of 60% strongly reinforces the need for extended truncations. Through their quantum fluctuations, right-handed neutrinos (and the axion) impact the microscopic values of the gravitational couplings [24] . Accounting for this shift, we obtain a running top mass of M t = 182 (185) GeV. It is intriguing that in our setting, the values of the top and the Higgs mass are actually sensitive to new degrees of freedom at arbitrarily high scales which need only be coupled gravitationally. Within asymptotic safety it might accordingly be possible to draw conclusions about new physics at arbitrary scales, once the systematic error induced by truncations is under control. This assumes that the gravity fixed-point values converge to the regime that we investigate at Λ * ≲ −3.3.
Conclusions:
We explore a regime of asymptotically safe quantum gravity, in which a UV completion for the SM is triggered. The top mass and Higgs mass arise as predictions in this setting. In particular, fixing the bottom mass to its observed value enforces a mass difference between top and bottom of approximately 170 GeV. In more detail, the following holds in a truncation of the RG flow: All gauge couplings of the SM become asymptotically free under the impact of quantum gravity fluctuations [7, 8, 20, 21] . This includes the Abelian gauge coupling, which exhibits a power-law running towards asymptotic freedom in the transplanckian regime. We discover an upper bound on the top mass: It is set by a quantum-gravity induced interacting fixed point for the top Yukawa. For values below the upper bound the top Yukawa exhibits a power-law running towards asymptotic freedom. Exactly at the upper bound, the UV regime is asymptotically safe. Beyond the upper bound, the top Yukawa diverges along UV unsafe trajectories. We then focus on the asymptotically safe fixed point for the top Yukawa. On the trajectory that emanates from the asymptotically safe regime in Eq. (6) the top mass is predicted in terms of the bottom mass. Choosing M b = 4.18 GeV automatically enforces a mass difference with the top, that is quantitatively close to the observed size of M t, pole − M b ∼ 170 GeV, and specifically yields a top pole mass M t, pole ≈ 171 GeV. As proposed in [1, 29] , the Higgs mass also becomes a prediction. We stress that our results arise in a truncation of the RG flow that is limited to the surmised leading-order effects of quantum gravity on matter. In particular, convergence for the microscopic values of the gravity couplings under the inclusion of matter effects has not yet been achieved, and might require significant extensions of the truncation. We caution that the full system might feature fixed-point values in the regime Λ * > −3.3. Quantitatively precise results require extensions of the truncation in the gravity sector, and a matching at the Planck scale to the NNLO running of the SM. The uncovered predictive UV completion of the SM should give a strong incentive to advance in this direction.
